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Abstract

This article describes a temperature- and photo-induced phase transition in rubidium manganese hexacyanoferrate, RbM6].
This compound displays a drop in the magnetic susceptibility at 225 K (=T1/2↓) and an abrupt increase in the magnetic susceptibil
300 K (=T1/2↑) in the cooling and warming processes, respectively. This phase transition is accompanied by a structural change
(F 4̄3m) to tetragonal (I4̄m2). The high-temperature (HT) and low-temperature (LT) phases are composed of MnII (S= 2

5) NC FeIII (S= 1
2) and
MnIII (S= 2) NC FeII (S= 0), respectively. A metal-to-metal charge transfer from MnII to FeIII and a Jahn–Teller distortion of the produced MnIII

ion cause this phenomenon. The magnetic transition entropy and enthalpy of the LT phase indicate that this phase shows a three-dimensional
Heisenberg-type ferromagnetic lattice for the MnIII sites with aTc of 11.0 K, which is due to a valence delocalization mechanism. Ferromagnetic
magnetization of LT phase in Rb0.91Mn1.05[Fe(CN)6]·0.6H2O is reduced by irradiation with only one-shot of laser pulse and the quantum yield
is above one and reaches 4.5. This photomagnetic effect is caused by a photo-induced phase transition from the LT phase to the HT phase.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Studies that are related to a thermal phase transition and
a photo-induced phase transition are extensively investigated
in solid-state chemistry[1–4]. Thermal phase transition phe-
nomena are observed in spin crossover or intramolecular elec-
tron transfer. In a spin crossover complex, a transition metal
ion can be in either the low-spin or the high-spin state de-
pending on the strength of the ligand field. When the thermal
energy is close to the exchange energy that corresponds to the
crossover, a spin transition occurs between the two spin states.
This phenomenon is observed in octahedral coordinate iron
transition metal complexes, e.g., [FeII (NCX)2(phen)2] (X = S
or Se; phen = 1,10-phenanthroline)[5] and [FeII (2-pic)3]X2
(2-pic = 2-aminomethylpyridine; X = Cl, Br, I)[6]. Charge-
transfer phase transitions have been observed in mixed-
valence complexes[7–20], e.g., [MIII

2MII O(O2C2H3)6L3]
(M = Fe, Mn; L = H2O, pyridine) [13–15] and M(dta)4I
(M = Ni, Pt; dta = dithioacetato)[19,20]. Charge-transfer
phase transitions that accompany spin crossovers have also
been reported, e.g., Co(py2X)(3,6-DBQ)2 (X = O, S, Se)
[21] and Na0.4Co1.3[Fe(CN)6]·4.9H2O [22,23]. A thermal
phase transition often accompanies a thermal hysteresis
loop [21–23], which is related to the cooperativity of the
corresponding system. The cooperativity in a metal com-
plex assembly is due to the interaction between a metal
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Successively, Girolami et al. and Miller et al. reported
crystalline KIVII [CrIII (CN)6] with Tc = 103◦C and amor-
phous KI

0.058V
II/III [CrIII (CN)6]0.79(SO4)0.058·0.93H2O with

Tc = 99◦C powder, respectively[44,45]. In multi-metal Prus-
sian blue analogs, the rational design of magnets based on the
molecular-field theory is possible for the following reasons:
(1) metal substitutions induce only small changes in the lattice
constant and (2) superexchange interactions are only essen-
tially effective between the nearest neighbor metal ions[46].
For example, we have designed a novel type of magnet that
exhibits two compensation temperatures with the system of
(NiII0.22MnII

0.60FeII
0.18)1.5[CrIII (CN)6]·7.5H2O, i.e., the sponta-

neous magnetization changes sign twice as the temperature is
varied[49]. In this review, we show the temperature-induced
phase transition and photo-induced demagnetization of fer-
romagnetic RbMn[Fe(CN)6] complex.

2. Preparation

Rubidium manganese hexacyanoferrate was prepared by
reacting an aqueous solution (0.1 mol dm−3) of MnCl2
with a mixed aqueous solution of RbCl (1 mol dm−3) and
K3[Fe(CN)6] (0.1 mol dm−3) to yield a precipitate. The pre-
cipitate was filtered, dried, and yielded a powdered sam-
ple. The prepared compound was a light brown powder
a that
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on and lattice strain, e.g., an electron–phonon coup
24], a Jahn–Teller distortion[25–27], and an elastic in
eraction[28–31]. Cyano-bridged metal assemblies suc
exacyanometalate-[4,32–64]and octacyanometalate-bas
agnets[64–76]are suitable for observing a thermal ph

ransition since they are mixed-valence compounds that
strong cooperativity due to the CN ligand bridges.
Photo-induced phase transition effects have been

xtensively studied in a variety of systems[60–63,70–
2,77–83], e.g., cyanometalate-based magnets[60–63,
0–72,77,78], organic-based magnets[79], spin crossove
omplexes[80,81], and diluted magnetic semiconduct
82]. Various theoretical analyses of photo-induced p
ransitions have also been reported[30,84–87]. To date, we
ave demonstrated photomagnetic effects such as p

nduced magnetization and the photo-induced mag
ole inversion, with cyano-briged bimetallic assemb

60–62,70–72]. One possible method for achieving opti
ontrol of magnetization is to change the electron spin
f a magnetic material. For example, if photo-irradia
aries the oxidation numbers of transition metal ions with
agnetic material, its magnetization will be controlled.
istability of the electronic states is also indispensable
bserving photo-induced persistent magnetization sinc
nergy barrier between these bistable states can mainta
hoto-produced state even after photo-irradiation is stop

From this viewpoint, Prussian blue analogs are
ttractive system due to their highTc values [37,42].

n particular, Verdaguer and co-workers reported
II [CrIII (CN)]0.86·2.8H2O exhibits aTc value of 315 K[40].
nd elemental analyses for Rb, Mn, and Fe indicated
he precipitate obtained had a formula of RbMn[Fe(CN6]
Calcd.: Rb, 24.26; Mn, 15.59; Fe, 15.85%; Found: Rb, 24
n, 15.95; Fe, 15.35%). The 1:1:1 ratio of Rb:Mn:Fe

owed the Mn ions to coordinate six cyanonitrogens. C
equently the network does not contain water molec
s shown inFig. 1. Scanning electron microscope ima
howed that the powdered obtained sample was comp
f cubic microcrystals that were 2.1± 1.1�m. For the stud
f photo-induced phase transition, the sample was pre
y reacting an aqueous solution (0.1 mol dm−3) of MnCl2
ith a mixed aqueous solution of RbCl (0.5 mol dm−3)

ig. 1. Schematic structure of RbIMnII [FeIII (CN)6]. Large gray circle is RbI

on, middle black circle is MnII ion, middle white circle is FeIII ion, small
hite circle is C atom, and small gray circle is N atom.
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and K3[Fe(CN)6] (0.1 mol dm−3). Elemental analyses for
Rb, Mn, and Fe showed that the formula for the pre-
cipitate used in the photo-induced phase transition study
was Rb0.91Mn1.05[Fe(CN)6]·0.6H2O: Calcd.: Rb, 21.63; Mn,
16.09; Fe, 15.62%; Found: Rb, 21.18; Mn, 16.12; Fe, 15.24%.

3. Temperature-induced phase transition

3.1. Phase transition in magnetic susceptibility

Fig. 2 shows the product of the molar magnetic sus-
ceptibility (χM) and the temperature (T) versusT plots of
RbMn[Fe(CN)6]. The χMT value in the high-temperature
(HT) phase is 4.67 cm3 K mol−1 at 330 K, but cooling the
sample at a cooling rate of 0.5 K min−1 decreases theχMT
value around 235 K and atT= 180 K in the low-temperature
(LT) phase reaches 3.19 cm3 K mol−1. Conversely, as the
sample in the LT phase is warmed at a heating rate of
0.5 K min−1, theχMT value suddenly increases near 285 K
and reaches the HT phase value at 325 K. The transition tem-
peratures from HT to LT (T1/2↓) and from LT to HT (T1/2↑) are
225 and 300 K, respectively, and the width of the thermal hys-
teresis loop (�T=T1/2↑ −T1/2↓) is 75 K. This temperature-
induced phase transition is repeatedly observed.
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Fig. 3. Temperature dependence of the CN stretching frequencies in the IR
spectra with decreasing temperature.

in KI
4[FeII (CN)6]. The shift of the Mn 2p3/2 binding energy

from the HT to the LT phases suggests that the oxidation
number of the Mn ion increases from II to III.

The infrared (IR) spectra are recorded over a temperature
range between 300 and 10 K.Fig. 3shows the CN− stretching
frequencies at 300, 240, 220, 200, and 10 K. At 300 K, a sharp
CN− peak is observed at 2152 cm−1 (linewidth = 9 cm−1) and
as the temperature decreases, the intensity of this peak de-
creases. Near 220 K a new broad peak appears at 2095 cm−1

(linewidth = 65 cm−1). These IR changes are in the same tem-
perature range of the phase transition in theχMT–Tplots. The
CN stretching peak at 2152 cm−1 in the HT phase is due to the
CN ligand bridged to FeIII and MnII ions (FeIII CN MnII ).
In contrast, the broad CN stretching peak at 2095 cm−1 in
the LT phase is assigned to the CN ligand bridged to FeII and
MnIII ions (FeIII CN MnII ).

These XPS and IR spectra show that valence states
for Mn and Fe ions in the HT phase are MnII (d5) and
FeIII (d5), respectively, and those in the LT phase are MnIII (d4)
and FeII (d6), respectively. The drop in theχMT value at
T1/2↓ implies that the electronic states of the HT and
LT phases are MnII (d5; S= 5

2) NC FeIII (d5; S= 1
2) and

MnIII (d4; S= 2) NC FeII (d6; S= 0), respectively. These as-
signments are confirmed by Mn and Fe 3p–1s X-ray emission
spectroscopy[88] and 1s X-ray absorption spectroscopy[89].
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.2. Electronic states of high-temperature phase and
ow-temperature phase

X-ray photoelectron spectroscopy (XPS) spectra
I
3[FeIII (CN)6], KI

4[FeII (CN)6] and the HT and LT phase
ere measured. In the HT phase, the Fe 2p3/2 and Mn 2p3/2
lectron binding energies are 710.1 and 641.8 eV, re

ively, and in the LT phase, the Fe 2p3/2 and Mn 2p3/2 elec-
ron binding energies are 708.8 and 642.5 eV, respect
he observed Fe 2p3/2 electron binding energy of 710.1 e

n the HT phase corresponds to that of 710.0 eV for FIII

n KI
3[FeIII (CN)6]. In contrast, Fe 2p3/2 binding energy o

08.8 eV in the LT phase is close to that of 709.1 eV forII

ig. 2. The observedχMT–T plots in the cooling (i) and warming (ii) pro
esses with the first measurement (©), second measurement (�), and third
easurement (�).
.3. Structural change

Fig. 4 shows the powder X-ray diffraction (XRD) pa
erns as the temperature decreased from 300, 250, 240
20, 210, 200, 180, to 160 K. The diffraction pattern of
T phase is consistent with a face-centered cubic (F 4̄3m)
tructure with a lattice constant of 10.533Å (at 300 K). As
he sample is cooled, the XRD peaks of the HT phase
rease and different peaks appear. The observed XRD
ern in the LT phase shows a tetragonal structure ofI4̄m2
ith a=b= 7.090Å andc= 10.520Å (at 160 K), which cor

esponds toa=b= 10.026Å andc= 10.520Å in a cubic lat-
ice. The unit cell volume of 1169̊A3 in the HT phase i
educed about 10% to 1057Å3 in the LT phase and warm
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Fig. 4. Temperature dependences of XRD spectra. Black and gray peaks are
the diffraction peaks of the HT and LT phases, respectively. The light gray
peak is the overlapped peak from the HT and LT phases (* indicates Cu from
the sample holder).

ing caused the tetragonal structure to return to the cubic one.
This structural change from cubic to tetragonal in the XRD
measurement is understood by the MnIII Jahn–Teller trans-
formation of the tetragonally octahedral elongation-type (B1g
oscillator mode)[90–95]. Synchrotron radiation X-ray pow-
der structural analysis was used to determine the precise bond
lengths of the LT phase, i.e., two-long and four-short MnN
bond distances are 2.26(2) and 1.89(3)Å, respectively, and
the two-short and four-long FeC bond distances are 1.89(2)
and 2.00(3)̊A, respectively[96]. Thus, the d-orbital symme-
try of both metal ions in the LT phase isD4h (a1g, b1g, b2g,
and eg). Therefore, the precise electronic state of LT phase is
MnIII (e2

gb1
2ga

1
1g; S= 2) NC FeII (b2

2ge
4
g; S= 0) (Fig. 5).

Fig. 6 shows the UV–vis absorption spectra of the HT
and LT phases. In the HT phase, the absorption bands are
approximately 410, 520, and 680 nm, while the band absorp-
tions in LT phase are 540, 700, and 1100 nm. The visible
absorption spectra can be explained based on the assigned
electronic states of the HT and LT phases. Absorptions near
410 and 520 nm in the HT phase are due to a ligand-to-metal
charge transfer of [FeIII (CN)6] and d–d transition of FeIII

(2T2g→ 4T1g), respectively[97]. In the LT phase, the ab-
sorptions around 540 nm (5B1g→ 5B2g, 5Eg) and 1100 nm

Fig. 6. UV–vis absorption spectra of the LT (solid line) and HT (dashed
line) phases.

(5B1g→ 5A1g) are due to Jahn–Teller distorted MnIII [90–95]
and the broad absorption around 700 nm is from the metal-
to-metal charge transfer band (intervalence transfer band) in
the mixed-valence compound.

The molar heat capacity (Cp) of this compound between
2 and 320 K was measured (Fig. 7) and as the tempera-
ture increases, the heat capacity shows an anomalous peak
in the temperature range of 290–300 K. A transition en-
thalpy (�H) of 1.7 kJ mol−1 and a transition entropy (�S)
of 6 J K−1 mol−1 in this phase transition were obtained by
eliminating the normal heat capacity of the LT phase.

3.4. Mechanism

Prussian blue analogs are class II mixed-valence
compounds. This system is described by two parabolic
potential-energy curves due to valence isomers in the nuclear
coordinates of the coupled vibrational mode[7–12,16–18].
When these two vibronic states interact, the ground state
surface has two minima in the vibrational coordinates.
In the present system, the MnIII FeII vibronic state is
a ground state atT= 0 K in the vibrational coordinates
(mixed-valency mode) (black curve inFig. 8(a)). Moreover,
in this situation, MnIII causes Jahn–Teller distortion, and
then the energy of the MnIII FeII has two minima described
Fig. 5. Electronic states of the LT and HT phases.
 Fig. 7. Cp vs.T plots with increasing temperature.
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Fig. 8. The schematic free energy surfaces of this system in mixed-valence
(black curve) and Jahn–Teller (gray curve) modes: (a) the ground state is
MnIII FeII and the meta-stable state is MnII FeIII atT= 0 K, (b)T= 263 K
(=Ttransit), (c) the ground state is MnII FeIII and meta-stable state is
MnIII FeII at T= 400 K. Each curve is calculated based on Eq.(1). Gray
spheres indicate population.

in the configurational coordinates (Jahn–Teller mode) (gray
curve inFig. 8(a)). In the present system, MnIII ion shows
an elongation-type Jahn–Teller distortion. These potential
surfaces change as the temperature increases, which caus
a phase transition. To explain the obtained results, the free
energy changes of the HT and LT phases are analyzed. The
LT and HT phases consist ofD4hMnIII (5B1g)–D4hFeII (1A1g)
and OhMnII (6A1g)–OhFeIII (2T2g), respectively. The en-
tropies due to the spin-multiplicities lead to a crossover
from LT to HT phases with increasing temperature. The free
energies of the LT phase (GLT) and HT phase (GHT) depend
on the temperature as described in the following equation:

Gi = Hi − SiT (i = LT, HT) (1)

Fig. 9. Temperature dependence of the free energy for the HT (dotted
line) and LT (solid line) phases based on Eq.(1) with �H= 4.3 kJ mol−1,
SLT = 13.4, andSHT = 29.8 J K−1 mol−1.

Since the LT phase has a 5-fold (=5× 1) degener-
acy and the HT phase has a 36-fold (=6× 6) degener-
acy, their entropies (SLT and SHT) are SLT =Rln 5 and
SHT =Rln 36, respectively. Thus, the�Sin this phase transi-
tion isRln(36/5) = 16.4 J K−1 mol−1. From Eq.(1) the tran-
sition temperature (Ttransit) of the phase transition can be
obtained by�H/�S. In this system,Ttransit is defined as
Ttransit= (T1/2↓ +T1/2↑)/2 = 263 K. UsingTtransit= 263 K and
�S= 16.4 J K−1 mol−1, �H value of 4.3 kJ mol−1 is ob-
tained.Fig. 9 shows the calculated temperature dependence
ofGLT andGHT based on Eq.(1)with�S= 16.4 J K−1 mol−1

and�H= 4.3 kJ mol−1.GLT andGHT change as the temper-
ature increases and a phase transition occurs atTtransit. In
addition, Fig. 8(b) and (c) show the surfaces ofGLT and
GHT in the vibrational (mixed-valency mode) and configu-
rational coordinates (Jahn–Teller mode) at each temperature.
Heat capacity measurements show�S= 6 J K−1 mol−1 and
�H= 1.7 kJ mol−1. These experimental values are smaller
than the theoretical values, which may be due to a small or-
bital contribution to the entropy of FeIII in the HT phase.
The extended X-ray absorption fine structure data of the
HT phase shows a small distortion in the octahedral co-
ordinates of metal ions, which is due to a small contri-
bution from the LT phase[89]. In this situation,2T2g of
FeIII is reduced to2B2g, and then�Sand�H are changed
to Rln(12/5) = 7.28 J K−1 mol−1 and 1.9 kJ mol−1, respec-
t

4

4

un-
d nta-
n
( rnal
m tiza-
t ld
( -
e

ively, which is close to the experimental values.

. Ferromagnetism of the low-temperature phase

.1. Magnetic ordering and specific heat

As the LT phase is cooled to a very low temperature
er an external magnetic field of 10 G, it exhibits spo
eous magnetization with a Curie temperature (Tc) of 11.3 K
Fig. 10). The magnetization as a function of the exte
agnetic field at 3 K indicates that the saturated magne

ion (Ms) value is 3.6�B (Fig. 11(a)) and the coercive fie
Hc) value is 1050 G (Fig. 11(b)). Theχ−1

M –Tplots of the para
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Fig. 10. Magnetization vs. temperature plots of the LT phase by SQUID
measurement: (�) field-cooled magnetization (FCM) atB0 = 10 G, (�) zero
field-cooled magnetization (ZFCM) atB0 = 10 G, and (©) remnant magne-
tization (REM) data for RbIMnIII [FeII (CN)6].

Fig. 11. (a) Magnetization vs. external magnetic field plots of the LT phase
at 3 K. (b) Magnetic hysteresis loop of the LT phase at 3 K. (c) The observed
χ−1

M –T plots. The data between 150 and 270 K is fitted to Curie–Weiss plots
(—).

magnetic LT phase show positive Weiss temperatures (Θ)
between 12 and 15 K, which are obtained by extrapolating
the data in the temperature region of 30–270 and 150–270 K,
respectively (Fig. 11(c)).

The Cp value in low temperature region gradually
increases with temperature and reaches a maximum,
27.1 J K−1 mol−1 at 11.0 K (denoted here asTp), as shown
in Fig. 12. Then it drops suddenly to 17.5 J K−1 mol−1, and
increases gradually. The dependence of theCp values on the
external magnetic field is shown inFig. 13, where theTp
peaks shift to a higher temperature as the external magnetic
field increases:Tp = 11.0 K (B0 = 0 T), 11.0 K (0.05 T), 11.2 K

F l
a

F
B

ig. 12. Plots ofCp vs.T in a zero external magnetic field: (©) experimenta
nd (—) derivedClat curve based on Eq.(3).
ig. 13. (a) Plots ofCp vs.T in the presence of an external magnetic field,

0; (b) enlarged plots of (a).
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(0.10 T), 11.3 K (0.20 T), 11.4 K (0.30 T), 11.5 K (0.50 T),
11.9 K (1.00 T), 13.8 K (2.00 T), and 15.2 K (3.00 T).

4.2. Entropy and enthalpy of magnetic phase transition

Since RbMn[Fe(CN)6] is an insulating magnetic system,
theCp value is described as a sum of the contributions from
lattice vibration,Clat, short-range magnetic ordering,Cshort,
and long-range magnetic ordering,Clong:

Cp = Clat + Cshort+ Clong (2)

Clat is described by a polynomial function of temperature
with odd powers[98,99]:

Clat = aT 3 + bT 5 + cT 7 + dT 9 + eT 11 + · · · (3)

and Cshort is described byAT−2 [100]. We fitted theCp
data in the region between 15 K (=1.4×Tc) and 30 K
(=2.7×Tc) by the contributions ofClat +Cshort, using
analyses reported in other systems[101,102]. The de-
rived coefficients, including the estimated uncertainties
(±7.4%) from the experiment (±7.0%) and curve fitting
(±2.3%), are as follows:a= 8.08× 10−3 J K−4 mol−1, b=
−2.10× 10−5 J K−6 mol−1, c= 2.56× 10−8 J K−8 mol−1,
d=−1.18× 10−11 J K−10 mol−1, and A= 1130 J K mol−1.
The solid line inFig. 13shows theClat curve. The magnetic

s g
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�

a
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R
1

4.3. Type of long-range magnetic ordering and
exchange coupling

Since theTp value of 11.0 K agrees with theTc value
of 11.3 K derived from a SQUID measurement, the anoma-
lous peak atTp can be ascribed to a magnetic phase tran-
sition. The�Smag value of 11.8± 0.9 J K−1 mol−1 is close
to the value calculated for the ordering of magnetic spins
on the MnIII (S= 2) sites for RbIMnIII [FeII (CN)6] given by
Rln(2S+ 1) = 13.4 J K−1 mol−1, whereR is the gas constant.
Thus, the origin of this magnetic phase transition is attributed
to the long-range magnetic ordering of the MnIII sites.

The temperature dispersion of�Smag allows the dimen-
sionality of magnetic ordering to be determined, i.e., two-
or three-dimensional (2D or 3D) magnetic lattice. When the
value of�Smag is divided into two terms, such as the mag-
netic entropy values belowTp (�Smag-lower) and aboveTp
(�Smag-upper), the ratio of�Smag-lower/�Smag for the mag-
netic lattices of the 3D Ising, 2D Ising, and 3D Heisenberg
types are 81, 44, and 62%, respectively[103]. The ratio of
�Smag-lower/�Smagin the present system is 65(3)% (Fig. 14).
Therefore, in this framework the magnetic ordering of the
LT phase is most likely 3D Heisenberg-type magnetic or-
dering. Note that magnetic anisotropy should appear in this
system since the crystal structure of the LT phase is tetragonal
instead of cubic. This magnetic anisotropy may slightly in-
fl
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T
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pecific heat,Cmag=Cshort+Clong, is obtained by subtractin
lat from Cp, as shown inFig. 14. The magnetic transitio
ntropy,�Smag, and enthalpy,�Hmag, can be obtained fro

Smag =
∫ T

0
Cmagd lnT (4)

nd

Hmag =
∫ T

0
CmagdT (5)

The estimated values of�Smag and �Hmag for
bIMnIII [FeII (CN)6] are 11.8± 0.9 J K−1 mol−1 and
25± 9 J mol−1, respectively.

Fig. 14. Plots ofCmag vs. logT.
uence the comparison between the observed value of≈65%
nd the theoretical value of 62%.

AnalyzingCmag at very low temperatures using the sp
ave theory can determine if the long-range magnetic o

ng of a target material is ferromagnetic or antiferromagn
he specific heat due to the spin-wave excitation,CSW, is ex-
ressed by[104]:

sw = αT d/n (6)

hered stands for the dimensionality of the magnetic lat
ndn the exponent in the dispersion relationship:n= 1 for an-

iferromagnets andn= 2 for ferromagnets. We fitted theCmag
alues in the region between 2.8 and 4.7 K to Eq.(6) (Fig. 15)

ig. 15. Experimental plots ofCmag(©) and theCSW curve (—) calculate
rom the spin-wave theory for a 3D ferromagnet using Eq.(6)with d/n= 1.51
ndα= 0.17 J K−5/2 mol−1.



S. Ohkoshi et al. / Coordination Chemistry Reviews 249 (2005) 1830–1840 1837

and the estimated the parameter ofd/n is 1.51(11). Thisd/n
value is consistent with that predicted for the magnetic or-
dering of the LT phase, i.e., the 3D ferromagnet, whered= 3
andn= 2. The observed shifts in theTp values of the in-field
Cp data, 11.0 K (0 T)→ 15.2 K (3.00 T) displayed inFig. 13,
which also suggest ferromagnetic character. Since the shift in
Tp to higher temperatures is characteristic of ferromagnetic
transitions[105], the trend of the in-fieldCp values observed
in the present study gives direct evidence that the magnetic
ordering of the LT phase is ferromagnetic.

Although diamagnetic FeII is bridged to MnIII in an al-
ternating fashion, this system shows a 3D Heisenberg-type
ferromagnetic ordering. The exchange coupling constant,J,
of this ferromagnet can be evaluated in the following manner.
Theα value derived from Eq.(6) is related to theJ value. In
CSW for a 3D ferromagnet, the coefficientα is described by
[106]:

α = 1√
2

5Rζ(5/2)Γ (5/2)

16π2S3/2

(
kB

J

)3/2

(7)

whereζ is the Riemann’s zeta function,Γ the Euler’s gamma
function, andkB the Boltzmann constant. Since theα value
obtained from Eq.(6) is 0.17(1) J K−5/2 mol−1, the estimated
J value based on Eq.(7) is +0.55(4) cm−1�Hmag is also re-
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theory as

c =
∑
i=2,3

( 〈ψ0 |H |ψi〉〈ψ1 |H |ψi〉
(E1 − E0)(Ei − E0)

)
(9)

whereψ0, ψ1, ψ2, andψ3 are the ground (pure MnIII FeII )
state and the charge-transfer configurations of FeII → MnIII ,
FeII → CN, and CN→ MnIII , respectively, andE0 −E3 are
their energies. Mixing these excited charge-transfer con-
figurations with the ground state causes the ferromag-
netic exchange coupling. TheJ value of ≈+0.5 cm−1

in the present system is three times larger than that of
+0.15 cm−1 in Prussian blue. This largeJ value means
that RbIMnIII [FeII (CN)6] has a largec value. Namely, the
electrons on the FeII site are delocalized to the MnIII

site.

5. Photo-induced phase transition

5.1. One-shot-laser-pulse-induced demagnetization

The photomagnetic effect of the LT phase was investigated
with Rb0.91Mn1.05[Fe(CN)6]·0.6H2O using SQUID magne-
tometer. The powder was spread on a commercial transparent
adhesive tape and the sample was mounted on the straw of
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ated to theJ value in an extension of the molecular-fi
heory. In this treatment,�Hmagdue to long-range magne
rdering is expressed by

�Hmag

R
= S2zJ

kB
(8)

here the number of neighboring magnetic sites,z, is 6 in
he present system. The estimatedJvalue from Eq.(8), using
Hmag= 125± 9 J mol−1 is +0.44(3) cm−1.

.4. Mechanism

The application of the superexchange interaction m
nism to the present ferromagnetic ordering is diffi
ince the diamagnetic FeII sites are connected by pa
agnetic MnIII sites. One plausible mechanism is

alence delocalization mechanism, in which ferrom
etic coupling arises from the charge-transfer configura

107]. Mayoh and Day explained the ferromagnetism
eIII [FeII (CN)6]0.75·3.5H2O by the ferromagnetic exchan

nteraction based on a partial delocalization of the elect
hat occupy the FeII t2g orbitals next to the neighboring hig
pin FeIII sites[107]. Since FeIII in Prussian blue is replac
ith MnIII , the same mechanism is feasible in our sys

n fact, an intense intervalence transfer (IT) band of the
hase has been observed at 700 nm and in the IT ba
russian blue. In the valence delocalization mechanism
c value is related to the valence delocalization coefficie
asTc ∝ c4. Thecvalue is given by second-order perturbat
he sample rod. A pulsed Nd3+; YAG laser (λ= 355, 532, an
064 nm; pulse width: 6 ns) was guided by an optical fi

nto the SQUID magnetometer. When the sample was ir
ted by one-shot-laser-pulse with 532-nm laser light at

he magnetization decreased.Fig. 16(a) and (b), respectivel
how the time- and temperature-dependences of magn
ion for a sample irradiated withP= 130 mJ cm−2 pulse−1.
he photo-conversion increases with the laser power de
P), e.g., 7.7% (P= 9.7), 15% (P= 15), 54% (P= 43), and
8% (P= 130 mJ cm−2 pulse−1). As shown in Fig. 17,
threshold in the laser power density (Pth) is observed

hen theP value is above 9.3 mJ cm−2 pulse−1 and the
agnetization value is reduced, however, in the cas
<Pth, the magnetization value did not change. The q

um yields (Φ) for the present photodemagnetization
bove one, e.g.,Φ= 2.8 (P= 9.7),Φ= 3.6 (P= 15),Φ= 4.5
P= 43), andΦ= 2.4 (P= 130 mJ cm−2 pulse−1). Annealing
3 K → 150 K→ 3 K) with a relaxation temperature of 120
eturned the irradiated sample to the LT phase. In con
hen the sample is irradiated with a laser pulse of 35
064 nm, the photodemagnetization values are very s
s shown inFig. 17(a). In addition, the threshold excitati
owers differed among the excitation lights (Fig. 17(b)).
hePth values at 355 and 1064 nm are 3.9 and 6.1 time

hePth value at 532 nm, respectively, when their absorpt
re equivalent. These differences indicate that the obs
ne-shot-laser-induced demagnetization phenomeno
ot due to photo-thermal reaction, but thephotochemica
eactionvia the photo-excited state. The optical absorp
pectra indicate that the photo-excited state will be
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Fig. 16. (a) Magnetization vs. time plots for Rb0.91Mn1.05[Fe(CN)6]·
0.6H2O at 3 K in the field ofH= 200 G before (©) and after one-shot-laser-
pulse irradiation (532 nm, 130 mJ cm−2 pulse−1) (�). (b) Magnetization vs.
temperature plots atH= 200 G before (©) and after the one-shot-laser-pulse
irradiation (�) and thermal treatment (�). Magnetic measurement sequence;
20 K→ © → 3 K (one-shot-laser-pulse irradiation)→ � → 150 K (thermal
treatment)→�→ 3 K.

excited mixed-valence state between FeIII CN MnII and
the FeIII CN MnII .

Fig. 18 shows the IR spectra before and after one-shot-
laser-pulse irradiation (532 nm,P= 14 mJ cm−2 pulse−1) at
8 K. After irradiation, the FeIII CN MnII peak at 2095 cm−1

F ulse
i 5 (
5

Fig. 18. IR spectra for Rb0.91Mn1.05[Fe(CN)6]·0.6H2O at 8 K before
(· · ·) and after (—) one-shot-laser-pulse irradiation at 532 nm with
14 mJ cm−2 pulse−1. HT phase at room temperature (-· -).

disappears and a sharp peak due to the FeIII CN MnII peak
at 2152 cm−1 simultaneously appears. Note that, in the case
of P<Pth, the irradiation does not change the IR spectra.
An annealing treatment (8 K→ 150 K→ 8 K) with a relax-
ation temperature of 120 K returned the IR spectrum of the
irradiated sample to the LT phase. From these results, we
conclude that the present photo-demagnetization is caused
by the photo-induced phase transition from the LT phase to
the HT phase.

5.2. Mechanism

Rubidium manganese hexacyanoferrate exhibits a
temperature-induced phase transition between the LT and
HT phases. In such a material with a bistability, a ground
state can be converted to a hidden substable state by the
irradiation. Nasu et al. showed a simple scheme for a
photo-induced phase transition using the adiabatic potential
energy vs. order parameter (Fig. 19) [84,85]. In this scheme,
the ground state is excited to the Franck–Condon state
by irradiation. This Franck–Condon state proceeds to a
hidden substable state through a structural change state or
relaxes to the ground state. In our case, irradiating with
pulsed-laser light excites the LT phase to a mixed-valence
state between the FeIII CN MnII and the FeIII CN MnII
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ig. 17. (a) Laser power density (P) dependences of the one-shot-laser-p
nduced photodemagnetization phenomenon with irradiation of the 35�),
32 (�) and 1064 nm (�) atH= 200 G. (b) Enlarged plots of (a).
tates. This mixed-valence state proceeds to the HT p
r relaxes to the initial LT phase. The produced HT ph
an be maintained in the low temperature range sin
s sufficiently separated from the LT phase by the the
nergy (�G). In addition, when theP value is larger tha
th, the excited state proceeds to the photo-produced
hase as shown by the solid arrow inFig. 19. In contrast
henP<Pth, the excited state relaxes to the ground s
s shown by the dotted arrow inFig. 19. This threshold
ehavior in the photo-induced phase transition is obse

n tetrathiafuluvalene-p-chloranil system. The mechanis
f this system is understood by the bistable electronic m
roposed by Koshino and Ogawa[108]. The observe

hreshold behavior in the present system is explained
imilar mechanism.
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Fig. 19. Schematic illustration of the one-shot-laser-pulse-induced phase
transition from the stable FeIII CN MnII phase to the hidden substable
FeIII CN MnII phase.

6. Conclusion

In summary, a temperature-induced phase transition in
RbMn[Fe(CN)6] (T1/2↓ = 225 K, T1/2↑ = 300 K) is observed
with a large thermal hysteresis loop of 75 K. The charge
transfer from MnII to FeIII that accompanies the Jahn–Teller
effect on the MnIII N6 moiety explains this phase transition.
The magnetic coupling between the MnIII spin sites in the LT
phase is prevented by the diamagnetic FeII sites, but ferro-
magnetic ordering is achieved by the valence delocalization
mechanism. With this system, the photo-induced phase tran-
sition from the LT to HT phase has also been observed. These
temperature- and photo-induced phase transition phenomena
are caused by: (1) the change in valence states on transition
metal ions due to metal-to-metal charge-transfer and (2) the
bistability due to the Jahn–Teller distortion of MnIII ion.

References

[1] H.A. Goodwin, Coord. Chem. Rev. 18 (1976) 293.
[2] P. Gütlich, Struct. Bonding (Berlin) 44 (1981) 83.
[3] O. Kahn, Molecular Magnetism, VCH, New York, 1993.
[4] S. Ohkoshi, K. Hashimoto, J. Photochem. Photobiol. C 2 (2001)

71.
[5] J.F. Létard, P. Guionneau, E. Codjovi, O. Lavastre, G. Bravic, D.

Chasseau, O. Kahn, J. Am. Chem. Soc. 119 (1997) 10861.
77.
47.

. 10

or-

[12] S.A. Borshch, I. Kotov, I.B. Bersuker, Chem. Phys. Lett. 89 (1982)
381.

[13] R.D. Cannon, L. Montri, D.B. Brown, K.M. Marshall, C.M. Elliot,
J. Am. Chem. Soc. 106 (1984) 2591.

[14] M. Sorai, K. Kaji, D.N. Hendrickson, S.M. Oh, J. Am. Chem. Soc.
108 (1986) 702.

[15] H.J. Jang, J.B. Vincent, M. Nakano, C. Huffman, G. Christou, M.
Sorai, R.J. Wittebort, D.N. Hendrickson, J. Am. Chem. Soc. 111
(1989) 7778.

[16] K. Prassides, Mixed Valency Systems, Applications in Chemistry,
Physics and Biology, NATO ASI, Kluwer, Dordrecht, 1991.

[17] D.N. Hendrickson, Mixed Valency Systems, Applications in Chem-
istry, Physics and Biology, Kluwer, Boston, 1991.

[18] S.A. Borshch, K. Prassides, J. Phys. Chem. 100 (1996) 9348.
[19] H. Kitagawa, N. Onodera, T. Sonoyama, M. Yamamoto, T. Fukuwa,

T. Mitani, M. Seto, Y.J. Maeda, J. Am. Chem. Soc. 121 (1999)
10068.

[20] H. Kitagawa, T. Mitani, Coord. Chem. Rev. 190 (1999) 1169.
[21] O.S. Jung, D.H. Jo, Y.A. Lee, B.J. Conklin, C.G. Pierpont, Inorg.

Chem. 36 (1997) 19.
[22] O. Sato, Y. Einaga, T. Iyoda, A. Fujishima, K. Hashimoto, J. Phys.

Chem. B 101 (1997) 3903.
[23] N. Shimamoto, S. Ohkoshi, O. Sato, K. Hashimoto, Inorg. Chem.

41 (2002) 678.
[24] R.J. Zimmermann, Phys. Chem. Solids 44 (1983) 151.
[25] T.J. Kambara, Phys. Soc. Jpn. 49 (1980) 1806.
[26] N. Sasaki, T.J. Kambara, Chem. Phys. 74 (1981) 3472.
[27] T.J. Kambara, Chem. Phys. 74 (1981) 4557.
[28] S. Ohnishi, S. Sugano, J. Phys. C 14 (1981) 39.
[29] H. Spiering, E. Meissner, H. K̈oppen, E.W. M̈uller, P. G̈utlich,

Chem. Phys. 68 (1982) 65.
2

J.A.

99)

lag,

4.
93)

.

re

Ep-

iani,
999)

M.
, G.

ain,

593.
iller,

v. B

org.

120
[6] G.A. Renovitch, W.A. Baker, J. Am. Chem. Soc. 89 (1967) 63
[7] M.B. Robin, P. Day, Adv. Inorg. Chem. Radiochem. 10 (1967) 2
[8] N.S. Hush, Prog. Inorg. Chem. 8 (1967) 391.
[9] S.B. Piepho, E.R. Krausz, P.N. Schatz, J. Am. Chem. Soc

(1978) 2996.
[10] D.B. Brown, Mixed Valence Compounds, NATO ASI, Reidel, D

drecht, 1980.
[11] J.P. Launay, F. Babonneau, Chem. Phys. 67 (1982) 295.
[30] K. Boukheddaden, I. Shteto, B. Hôo, F. Varret, Phys. Rev. B 6
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